Abstract
| INTRODUC TI ON
ROS are defined as chemically reactive species containing oxygen, some of which are peroxidases or hydroxyl radicals. ROS production is effective in the chemotherapy and RT of cancer. [1] [2] [3] Numerous chemicals can produce ROS than affect cancer cells [4] [5] [6] [7] [8] and some of these are under investigation in clinical trials. 9 Some ROS, for example H 2 O 2 , are used as sensitizers of cancer cells by producing reactive oxygen during RT. 10, 11 Similarly, ROS are produced by nicotinamide adenine dinucleotide phosphate (NADPH) oxidase in the cytoplasm. 12 However, the main source of ROS may be the mitochondrial electron transport chain through oxidative phosphorylation. 13, 14 Mitochondrial DNA (mtDNA) encodes 13 proteins that are components of the mitochondrial electron transport chain.
Damage to mtDNA results in increased production of ROS, conversely causing neurodegenerative diseases and various types of cancer. 15, 16 Therefore, these mtDNA-damaged cells may be valuable models for studying ROS-related disease. Mitochondrial DNA devoid ρ 0 cells were established from a human cervical cancer cell line (HeLa) and from an oral squamous cell carcinoma (SAS). These ρ 0 cells were sensitive to ROS, in particular H 2 O 2 . 17 Notably, yeast ρ 0 cells have also shown sensitivity to treatment with H 2 O 2 . 18 Recently, ρ 0 cells from osteosarcoma and lung carcinoma have shown sensitivity to X-ray irradiation related to oxidative stress. 19 Conversely, there are several studies reporting that ρ 0 cells are resistant to oxidative stress, especially to radiation. ρ 0 cells from human fibroblasts have shown resistance to γ-irradiation by decreasing apoptosis. 20 In addition, ρ 0 cells from the human pancreatic tumor MiaPaCa-2 cell line showed resistance to X-ray irradiation via activation of cyclin B1. 21 Moreover, ρ 0 cells from healthy human bronchial epithelial cells have shown resistance to oxidative stress. At present, the sensitivity or resistance of ρ 0 cells to oxidative stress and the stress response mechanism involved in these processes have not been fully elucidated.
ROS react with polyunsaturated fatty acids in the lipid membranes, inducing lipid peroxidation that leads to cell death. HNE, the end product of lipid peroxidation reacts with low-molecular-weight compounds (eg, glutathione, proteins, and DNA), and is considered a second messenger of oxidative stress. 22, 23 Notably, HNE production occurs through the ROS generation and an enzymatic process. 24 The key enzyme in the production of HNE is ALOX15. The relationship between the level of HNE and ALOX15 has been previously reported. 25 It has also been reported HNE induces expression of the COX2 gene. 26 However, so far, the relationship between ρ 0 cells and ALOXs and/or COX2 has not been investigated.
Moreover, the mechanism of sensitivity to H 2 O 2 in ρ 0 cells via oxidation of the plasma membrane has not been elucidated. In this study, we investigated the oxidation state of the plasma membrane in ρ 0 cells, and identified factors that control this process. 
| MATERIAL S AND ME THODS

| Cell culture
| Immunofluorescence
| Administration of oxidized lipid
POVPC (12.5-50 μmol/L) was administered to the cultured medium using the ethanol injection method. 27, 28 This lipid has been shown to localize to the plasma membrane. 
| Quantitative PCR
Total RNA was extracted using ISOGEN (Nippon Gene, Toyama, Japan), and reverse transcription was performed as previously described. 17 cDNA equivalent to 1 ng of total RNA was used for the Quantitative PCR (qPCR). The reactions were performed with
Step One Plus (Applied Biosystems; Foster City, CA, USA) using THUNDERBIRD ® qPCR Mix (TOYOBO, Osaka, Japan). β-actin was used as the loading control. For the amplification of genes, one cycle of denaturation (95°C for 10 min) was performed, followed by 40 cycles of amplification (95°C for 10 s and 60°C for 60 s). Each experiment was performed in triplicate. Table 1 lists the primer sequences used in this experiment. was used as loading control. The dilution factor for all antibodies was 1:1000. Table 2 represents the mean and standard error of the mean (SEM) of three independent ρ 0 /parent intensity ratios after normalization against β-actin.
| Western blotting
| ALOX inhibitor assay
Cells were treated with 10 μmol/L caffeic acid (Nacalai Tesque Inc.), the ALOX5 inhibitor, or 10 μmol/L NDGA (Sigma-Aldrich), the
TA B L E 1 Primer sequences
Primer name Primer sequence
nonspecific ALOXs inhibitor, at 37ºC for 10 min. After removal of the inhibitor-containing medium, the cells were treated with 50 μmol/L H 2 O 2 for 1 h. HYDROP™ and HNE antibody were used as described above to detect internal H 2 O 2 or HNE.
| Detection of OH using HPF
Internal levels of ･OH were detected using HPF (Goryo Chemical
Inc.) according to the protocol provided by the manufacturer with were counterstained with DAPI as described above.
| Statistical analysis
One-way analysis of variance with Scheffe's F test was performed for the water-soluble tetrazolium assay and ALOX inhibitor experiment. All other statistical analyses were performed using Student's t test. A P < .05 denoted statistical significance. The results were expressed as means ± SEM.
| RE SULTS
| Relative levels of internal H 2 O 2 and intake of H 2 O 2
After treatment for 1 h, the internal levels of H 2 O 2 were increased only in ρ 0 vs parental cells ( Figure 1A Figure 1B ).
| Timing of increase in lipid peroxidation and internal levels of H 2 O 2
Significantly higher intensity was observed in ρ 0 cells (Figure 2A, B) .
Co-staining with PINK1 (localized in mitochondria) and aquaporin 11
(localized in the plasma membrane) revealed that HNE was mainly localized in the plasma membrane ( Figure 2C, D) . Moreover, temporal change of lipid peroxidation was observed to investigate the timing of this process after treatment with H 2 O 2 ( Figure 2E ). Lipid peroxidation was increased 1 h after treatment ( Figure 2E, F) , whereas the internal levels of H 2 O 2 were increased in parental cells 2 h after treatment ( Figure 2F ). 
| Gene expression and protein expression of ALOX
Gene expression of ALOX5, ALOX12, and ALOX15 -involved in lipid peroxidation of the plasma membrane -was upregulated in ρ 0 cells ( Figure 4A : ALOX5, 4B: ALOX12, and 4C: ALOX15). In addition, protein expression of ALOX12 and ALOX15, unlike that of ALOX5, was upregulated in both HeLa and SAS ρ 0 cells ( Figure 4D and Table 2 ). Investigation of spatial distribution showed that the ALOX12 and ALOX15 proteins were distributed in the nucleus and cytoplasm. Conversely, the ALOX5 protein was distributed only in the nucleus ( Figure S1 ). A semiquantitative analysis of immunofluorescence revealed that the relative expression of the ALOX12 and ALOX15 proteins was upregulated in ρ 0 cells ( Figure 5A , C: ALOX12, Figure 5B , D: ALOX15). Figure 6 ).
| Inhibition of ALOX
| Gene and protein expressions of COX
Expression of the COX1 gene was downregulated in SAS ρ 0 cells ( Figure 7A ). Conversely, expression of the COX2 gene was significantly upregulated in HeLa and SAS ρ 0 cells ( Figure 7B ). Protein expression of COX1 did not change significantly between parental and ρ 0 cells, whereas that of COX2 was downregulated in ρ 0 cells ( Figure 7C and Table 2 ). Immunofluorescence of COX revealed that COX1 was mainly localized in the nucleus, whereas COX2 was mainly localized in the cytoplasm ( Figure 7D ). 
| Phosphorylation of Akt and protein expressions involved in apoptosis
Phosphorylation of Akt, which inhibits apoptosis and regulates cell proliferation, was investigated using western blotting. This analysis revealed a marked decrease in Akt phosphorylation in ρ 0 cells ( Figure 8 and Table 2 ). Expression of Akt downstream proteins was also investigated. Expression of FOXO1, which is downregulated by Akt phosphorylation and inhibited apoptosis, was increased. Moreover, pGSK3β
S9
, which is the inactivated form of GSK3β, was decreased in ρ 0 cells. Expression of the anti-apoptotic protein BCL2 was decreased, whereas expression of the apoptosis-inducing protein Bax was increased in ρ 0 cells ( Figure 8 and Table 2 ).
| D ISCUSS I ON
The present results indicated that the susceptibility of ρ 0 cells to H 2 O 2 may be attributed to an increase in the levels of intracellular ROS due to peroxidation of the plasma membrane. ρ 0 cells from osteosarcomas have previously shown sensitivity to X-ray irradiation and produced more ROS from mitochondria than their parental cells. 14, 19 Similarly, lung carcinoma ρ 0 cells have shown sensitivity . The results are expressed as the mean ± SEM. *P < .05, **P < .01 using Student's t test to X-ray irradiation by decreasing the expression of CuZn-SOD.
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Conversely, ρ 0 cells may be resistant to oxidative stress; and ρ 0 cells from GM701 and BEAS-2B have shown resistance to irradiation. 19, 20 Additionally, GM701 ρ 0 and BEAS-2B ρ 0 cells have shown resistance through inhibition of apoptosis and reduction of DNA damage, respectively. However, in these cell lines, intracellular levels of ROS were not determined. Therefore, it remained unknown whether ρ reported that the levels of superoxide from the mitochondria are decreased in ρ 0 cells. 35 Moreover, it has been reported that the administration of HNE leads to increased levels of internal ROS using 2′,7′-dichlorodihydrofluorescein diacetate in parental cells. However, the levels of internal ROS in ρ 0 cells did not increase significantly. 36 Our data showed that the levels of HNE and ･OH were increased in ρ 0 cells (Figures 2 and   S2 ). Currently, the involvement of mitochondria-derived ROS in lipid peroxidation of the plasma membrane in ρ 0 cells remains unknown.
It has been reported that an increase in ･OH from the mitochondria was detected in osteosarcoma ρ 0 cells. 14 Additionally, it has been reported that ･OH in cells was involved in the initiation of lipid peroxidation. 37 Moreover, H 2 O 2 reportedly produced ･OH in the presence of ferrous ion, leading to lipid peroxidation and cell death. 38 These results indicated a positive correlation between the levels of ･OH and lipid peroxidation of the plasma membrane in ρ 0 cells. The expression of ALOX12 and ALOX15 (mRNA and protein levels) and COX2 was upregulated in ρ 0 cells (Figure 4-7) . ALOX15 produces 13-hydroxyoctadecadienoic acid, which is a precursor of HNE from linoleic acid. 39 Inhibition of ALOX 12 and 15, unlike ALOX5, resulted in the downregulation of HNE and H 2 O 2 permeability in ρ 0 cells ( Figure 6 ). Moreover, overexpression of ALOX15 enhanced erastin and RAS-selective lethal compound 3-induced ferroptosis, an iron-dependent cell death via activation of the HNE. 40 Furthermore, LOX15 reportedly plays a central role in the initiation and execution of ferroptosis. 41 These results suggested that the expression of internal oxidative enzymes is more important than that of antioxidative enzymes for lipid oxidation in ρ 0 cells. Additionally, ALOX15 plays an important role in the peroxidation of the plasma membrane in ρ 0 cells.
To date, there is no evidence showing that COX2 directly peroxidizes lipids and produces HNE. However, it has been reported that HNE induces the expression of the COX2 gene, and that this expression is stabilized by the p38 mitogen-activated protein kinase. 42 In addition, COX2 has been reported to be involved in PI3K/Akt signaling. 43 Recently, it was reported that administration of HNE decreased
Akt phosphorylation and induced apoptosis in an osteosarcoma cell line. 44 These findings indicated a strong relationship between lipid peroxidation and intracellular signal pathways (eg, Akt signaling). It has been shown that phosphorylation of Akt was downregulated in HeLa ρ 0 cells. 45 Our results showed that Akt phosphorylation was downregulated in both types of ρ 0 cells (Figure 8 ). Moreover, an apoptosis-promoting signal was activated in ρ 0 cells ( Figure 8 and Table 2 ).
These results indicated that the downregulation of Akt phosphorylation promoted cell death (ie, apoptosis and/or ferroptosis) in ρ 0 cells via upregulation of COX2.
In conclusion, the sensitivity of ρ 0 cells to treatment with H 2 O 2 may be due to peroxidation of the plasma membrane, leading to in- The authors would like to thank Enago (www.enago.jp) for English language review.
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